It has been shown (Fisher, 1954 ) that haemin antagonizes the antibacterial effect of i8onicotinic acid hydrazide (isoniazid; iwonicotinoylhydrazine) on Mycobacterium tuberculosis H37Rv. In investigating this phenomenon, we have found that haemin catalyses the oxidative destruction of isoniazid (I) and that the products are 1:2-dii8o-nicotinoylhydrazine (II) and isonicotinic acid (III).
MATERIALS AND METHODS
The isoniazid, after recrystallization from ethanol and drying over calcium chloride and then over phosphorus pentoxide, had m.p. 1700. Potentiometric titration with alkali (0.1 N-KOH), making use of the pK 10-8 (Albert, 1953) and ultraviolet spectrophotometry (at 262 m,u.), indicated a purity of 99.84%. This material was used to evaluate the published methods of iodometric titration. That conducted in the presence of NaOH (Alicino, 1952) gave a titre of 92%, and that using NaHCO3 (Canbaick, 1952) gave 95-5%, not improved by allowing a longer reaction time. The principal reaction is R.CO.NH.NH,+2I2+EH,O-R.CO2H +N2+4HI. (i) It was found that diisonicotinoylhydrazine (II) can be titrated similarly: R. CO . NH. NH. CO . R + 2I2 + 2HEO-2R. COXH +N2 +4HI. (ii) Because isoniazid, shaken with haemin in air, was found to give a mixture of (I), (II) and (III) (see below), titration with Is was used (with the factor 100/95.5) to obtain rapidly some general information on the progress of this decomposition. Thus, a sample (5 ml.) was withdrawn from the reaction mixture, kieselguhr (0-05 g. HyfloSupercel) added, then N-HCI (2-3 drops to give pH 2). The haemin was filtered off and washed. The filtrates were adjusted to pH 6-7 with N-NaOH, NaHCO3 (0.2 g.) was added, then 0.01 N-I2 (25 ml.). After 15 min., C,H50,N: C, 58-5; H, 4-1; N, 11.4%.) Diisonicotinoylhydrazine (II) has previously been prepared only by the action of i8onicotinoyl chloride on hydrazine hydrate (Graf, 1933) . A more convenient preparation was found, as follows. Isoniazid (1 g.), dissolved in ethanol (100 ml.), was stirred at room temp. with freshly precipitated yellow HgO (1.58 g.; 1 equiv.) for 18 hr. The solution was filtered from metallic mercury, which was then washed with ethanol. The combined filtrates were briefly shaken with carbon, filtered and taken to dryness. The solid was recrystallized fromwater (40ml.), giving 0 35 g. of white crystals of (II), m.p. 2600 (cf. 254-2550 (cf. 254- , Graf, 1933 . (Found: C, 59 7; H, 3-7; 0, 13-1.
Calc. for C12HL002N4: C, 59 5; H, 4-1; 0, 13.2%.)
The haemin was standardized spectrophotometrically (at 555 mu.) and found to be 92±5 % pure. It was weighed out for each experiment and dissolved in the minimal volume of N-NaOH, then diluted with half of the buffer solution to be used and adjusted to pH 7*5 (glass electrode). On one occasion the products of the reaction were isolated, making use of the high solubility of (I) and (III) in cold water as compared with that of (II), and of the solubility of (I) in boiling ethanol under conditions where (III) was present as the sodium salt and hence insoluble. Thus, 0-01m isoniazid and haemin (0.001 m) in buffer (200 ml., as above) were shaken in air for 24 hr., kieselguhr (2 g.) was added and the haemin precipitated at pH 2 by adding 5N-HCl. The filtrate was evaporated to 10 ml., adjusted to pH 7 and chilled. The diisonicotinoylhydrazine was filtered off and recrystallized from water as white needles, m.p. 260°(0-02 g.). The ifitrate was taken to dryness and extracted twice with boiling ethanol (2 + 1 ml.). The evaporated extract gave white crystals of isoniazid (0.11 g.), which, recrystalized from ethanol, gave 0.05 g., m.p. 166-1700. The ethanol-insoluble residue of sodium isonicotinate was dissolved in water (2 ml.) and adjusted to pH 3. The solution was evaporated, and the solid extracted three times with ethanol (3 x 15 ml.). The extract was concentrated to 3 ml., chilled, and the crystals were dried at 1100, giving isonicotinic acid (0.02 g.), m.p. 300 305°( decomp.; sealed tube). Mixed melting points and chromatography were used to confirm the identity of these three substances.
Paper chromatography. The most suitable developing solvent was aqueous 0-5m-NHOC1. Ammonia (2N) gave better resolution, but increased the rate of oxidation in air. The values were not changed when all three substances were present, nor when phosphate or aminotrishydroxymethylmethane (tris) buffers were used to dissolve them. Haemin prevented resolution and had to be removed by precipitation before the solution was applied to the paper.
(When 2 v-NH3 was used as a developer, haemin actually changed the relative position of the spots. These irregularities are attributed to its colloidal nature.) Quantitative paper chromatography. A sample (5 ml.) of the reaction mixture was adjusted to pH 2 with 5N-HCl (one small drop), and the haemin removed by centrifuging. A sample (0-06 ml.) was applied to each of three sheets of Whatman no. 1 filter paper (45 x 50 cm.) as a band about 9 cm. long, and standard solutions (0-06 ml.) of substances (I), (II) and (III) (see Table 1 ) were similarly applied along the same starting line, one to a paper. The paper was developed in 0-5M-NH4Cl until the front was 1 cm. from the top of the paper (5 hr.). The bands (now six in number) were quickly marked in their new positions under 254 m,u. light, and each standard band and the corresponding band of the reaction mixture were cut out. Three further bands of paper, of the same area, were removed at Rp values corresponding to each of the three substances, the eluates from these blank bands being used in the solvent cells during spectrophotometry. The nine strips of paper were eluted with water overnight (see Brimley & Barrett, 1953) and the eluates were made up to 5 ml. The ultraviolet absorption was then measured in a photoelectric spectrophotometer (see Table 1 It was found that isoniazid was not appreciably decomposed by the ultraviolet light used to locate it, nor was any lost by volatilization when drying the paper. Moreover, the same loss was obtained when water was used as developer. It was found that the principal loss was due to oxidation in air to isonicotinic acid, usually a slow process in the absence of haemin (see Results), but accelerated here by the more efficient contact with the oxygen of the air. The quantitative changes were determined as follows. Mixtures of isoniazid (0.005M) and diisonicotinoylhydrazine (0.0025m), and of isoniazid and iwonicotinic acid (0-005x of each) were applied to a paper and developed in 0-5M-NH4Cl as before. The recoveries of (I) and (II) were as above, but that of iwonicotinic acid had increased from 94 to 105%. Henceforth, the factor 94/105 was applied to the apparent yields of isonicotinic acid obtained from the reaction mixture (the isoniazid is automatically converted by comparison with the standard run at the same time). This enrichment of the bands of isonicotinic acid at the expense of isoniazid must cease when the bands have become fully resolved dunng development, but the B, values are so close that their separation takes several hours.
RESULTS
When isoniazid (0-O1M) was shaken in air at 17-20°w ith haemin (0O001M) in phosphate buffer (pH 7.5), a rapid loss of isoniazid was found (Fig. 1) , as shown by the diminishing consumption of iodine when amnples were titrated. After 24 hr. shaking, samples of isoniazid, dii8onicotinoylhydrazine (II) and i8onicotinic acid were isolated in a pure condition (see 'Materials and Methods') . No other constituents could be found, though any binding of these pyridines to the haemin before acidification was not investigated. The use of tris buffer (pH 7-5) in place of phosphate led to similar results.
When the haemin was omitted, a small but definite loss of isoniazid occurred (Fig. 1) , and the same products were formed, as was easily demonstrated when this reaction was accelerated by bubbling hot moist air through a solution of isoniazid at 850 and pH 7-5 for 20 hr. In an atmosphere of nitrogen, no reaction occurred (observed for 100 hr.). The use of 0-0001M haemin led to a rate of destruction intermediate between that caused by 0-001M haemin and by air alone (Fig. 1) . Similarly, it was shown that (II) is oxidized to (III) rapidly in the presence of haemin and more slowly in its absence. The haemin-free oxidation of isoniazid is greatly accelerated in alkaline solutions.
The presence of 0-OOO1M hydrogen peroxide (in the 0-001 M haemin experiment) removed what seems to be a small initial lag, whereas the addition of catalase slightly decreased the rate of oxidation (Fig. 2) . The same products as before were obtained in both cases.
To find whether dii8onicotinoylhydrazine is an intermediate in the conversion of (I) into (III), or arises by a chemical reaction between (I) and (III), a solution of (I) and (III) (0 O1M of each) was made in phosphate buffer (pH 7-5) previously boiled for 5 min. and flushed with oxygen-free nitrogen.
Samples were kept under nitrogen at 200, and at 850, respectively, for 42 hr. Paper chromatography failed to reveal the presence of diiwonicotinoylhydrazine. Hence it would seem that under Bioch. 1955, 61 Vol. 6I
A. ALBERT AND C. W. REES our experimental conditions this substance is not generated by interaction of the final product with the starting material, but is an actual intermediate. Haemin was not included in this experiment, because (II) is freely formed in its absence at 850 (see experiments conducted in air, above).
Finally a sample of the normal reaction mixture (isoniazid, 0*01M; and haemin 0-001M; 200 and pH 7.5) was submitted to quantitative paper chromatography after 24 hr. shaking. The results are given in Table 1 . It is evident that after this time, half of the isoniazid is unchanged and the remainder has been converted into roughly equal amounts of diisonicotinoylhydrazine and i8o-nicotinic acid. DISCUSSION Fisher (1954) discovered that haemin interferes with the action of isoniazid on the tubercle bacillus H37Rv, the activity being reduced 20 000-fold when the haemin :isoniazid molecular ratio is 1: 2. He formed the opinion that no destruction of isoniazid by haemin occurred outside the bacillus.
However, it is evident from Fig. 1 
